Abstract Flow and pressure variations cause potential changes in magnetic resonance imaging (MRI) signal intensity across the cardiac cycle. Nevertheless, cardiac dynamic contrast-enhanced (perfusion) MRI is performed and analyzed regardless of the cardiac phase. We investigate whether the cardiac phase impacts myocardial and left ventricle (LV) cavity time intensity curves (TICs) at rest and during vasodilatation. Fifteen healthy volunteers (seven females, eight males; mean age: 32.5 ± 9.3 years; age range: 19-49 years) were included in this prospective study. They underwent four separate short-axis multislice (apical, mid and basal) LV perfusion MRI, with different electrocardiogram-triggering during normal vasotone and adenosine-stress. TIC parameters were extracted from the myocardium and the LV cavity. General linear mixed model analyses were used to evaluate their variability according to vasotone, cardiac phase and slice-position.
Introduction
Magnetic resonance imaging (MRI) is increasingly used to evaluate non-invasively myocardial perfusion [1] [2] [3] . The principle of dynamic contrast enhanced (DCE) perfusion is to measure the delivery of a contrast agent to a tissue after a bolus injection, assuming a known relationship between the signal intensity (SI) and the amount of contrast agent [4] . The time-intensity curve (TIC) of the myocardial tissue and the arterial input, best represented by the left ventricle (LV) cavity TIC may serve for quantitative or semi-quantitative assessment of the tissue perfusion. Currently, the image quality needed to appropriately delineate the endocardial and epicardial contours on DCE images can be obtained in approximately 250 ms. Synchronizing these acquisitions to electrocardiogram (ECG), so that they repeatedly take place during a given phase of the cardiac cycle, further decreases the time-imaging window, especially in case of tachycardia, as when a vasodilatator is used [5, 6] . Because of these constraints, myocardial DCE imaging is performed in the current practice with no discrimination between phases of the cardiac cycle in which imaging takes place [4] . This could be of importance, since increase of blood pressure and flow within the LV cavity during systole, and similarly, increase of the myocardial blood flow during diastole [7] , may cause signal and time intensity curves (TICs) changes from one phase of the cardiac cycle to another. These variations are further made complex by the diastolic LV filling that occurs in the opposite direction to the LV outflow. Recently, lower endocardial flow reserve in systole as compared to diastole was shown, quantitatively [8, 9] and semi-quantitatively [10] , in both normal subjects and those with coronary obstructive disease. These experiments were performed on image frames obtained within two distinct cardiac phases on a single mid-ventricular position. As the result, the spatial heterogeneity of the coronary flow [11] was not addressed. It remains therefore unknown whether cardiac phase-related variations can impact acquisitions at different slice-positions.
This study was undertaken to evaluate in how far acquiring several slice-positions, in systole and diastole would result into different LV cavity and myocardial TICs, at rest and during vasodilatation.
Materials and methods

Subjects
The study protocol was approved by the local ethics committee and 15 healthy volunteers (seven females and eight males; mean age: 32.5 ± 9.3 years; range: 19-49 years) who gave written informed consent were prospectively selected and enrolled. All volunteers were more than 18 year-old and the following exclusion criteria were applied in order to ensure absence of occlusive coronary artery disease [12] : age under 45 years, neither current nor history of tobacco smoking, no risk factor for cardiovascular disease (i.e.: diabetes, hypertension, elevated serum levels of cholesterol and/or triglycerides, and familial history of cardiovascular disease).
Magnetic resonance imaging
Rest and stress myocardial DCE MRI were evaluated twice in a single imaging session in all subjects. They were instructed to suspend consumption of caffeinated beverages 24 h before the session. Prior to the examination a 22 gauge catheter was inserted into an antecubital vein of both arms. An MRI-compatible automated armband and three torso leads were placed on the subjects and connected to an MRI-compatible monitoring system (Millenia 3500, Invivocorp, Orlando, USA). Subjects were installed on supine position in a high gradient (40 mT/m, 32 independent receiver channels) 1.5 T MRI unit (Avanto, Siemens Medical, Erlangen, Germany) under continuous monitoring and recording of the heart rate (HR) and arterial pressure. The peripheral venous catheters were respectively connected to: an automated pump (Infusomat FM, Braun, USA) pre-filled with adenosine (Adenocor, Sanofi-Aventis, Diegem, Belgium), and an automated double chamber power injector (Medtron, Medrad, Saarbrücken, Germany) pre-filled with a 0.5 molar extracellular gadolinium chelate contrast agent (Gadopentetate dimeglumine, Magnevist, Bayer healthcare, Germany) in one chamber and saline in the remaining.
Thereafter, the imaging protocol ( Fig. 1 ) consisted in: (1) finding the heart axis using localizers, (2) performing 4 sets of DCE perfusion frames and cine studies of the heart in the short axis, and (3) performing late-enhancement imaging using a breath hold phase-sensitive inversion recovery (PSIR) sequence in identical plans to (2) . Imaging parameters are given on Table 1 . Studies were performed using a six-element phased-array cardiac coil in combination with two elements of the spine array. For DCE perfusion imaging, three prospective ECG-triggered 2D selective saturation-prepared saturation-recovery T1-weighted steady-state free precession (SSFP) slices were performed, with the slices being distant of 8 mm and the central slice placed at the level of the papillary muscles of the mitral valve. Preparation time for each slice, measured to the centre of the k-space, was 110 ms. Saturation was obtained with a simple hard pulse with 90°nominal flip angle followed by a gradient crusher. Five dummy cycles with a linear flip angle were used to reduce SSFP signal oscillations [13] . The SI variation between two successive slices was less than 3 %. We used symmetric echoes with TR/TE = 2.2/1.1 ms (Fig. 2) , and the acquisition time (i.e.: saturation preparation ? readout) per image was 178 ms. Phase encoding direction was left-right and the field-of-view (FOV) was adjusted to the subjects' size in order to avoid folding artefacts. Linear cartesian k-space ordering was used. Three slices-positions were acquired per heartbeat 40 times during a single breath hold. All DCE acquisitions started simultaneously with the injection of 0.05 mmol/kg of contrast agent, flushed by 20 ml of saline, both at the injection rate of 4 ml/s. The imaging sets were then completed with three 8 mm-thick bright blood cine SSFP breath hold acquisitions, in similar locations and FOVs to those of DCE perfusion images. The first two sets of studies were performed at stress (i.e.: 3 min after the beginning of the injection of 140 lmol/kg/min of adenosine), while the remaining two sets were performed under resting or normal vasotone conditions. When applicable, a time interval of at least 10 min was placed between two sets of studies in order to allow for the clearance of the contrast agent, and adenosine.
Cardiac phase determination
Two levels of cardiac phase selection were applied; including one at acquisition, with inversion of the slice ranking among DCE frames acquired on the same vasotone (Fig. 2) . The basal slice-position images were first acquired without any delay after the R-wave of the ECG for systolictimed acquisitions on stress and rest vasotone. Then the same slice-position images were acquired in the inverse order to place the basal slice in third rank, so that it is acquired during diastole, after placing a variable pre-delay for readout (mean: 430 ± 70 ms, range: 360-560 ms at stress; mean: 690 ± 100 ms, range 580-860 ms at rest). In the second selection step, all slices were subject to retrospective cardiac phase assignment after determination of the actual electromechanical systole length [14] . Images for which readout was completely within the electromechanical systole were classified as systolic and those whose readout was after the end of the electromechanical systole were classified as diastolic. When the readout was spread out over both phases, the image was classified as ambiguous. Image processing
All subjects' late enhancement images were evaluated by an independent reader with 7-year experience in cardiac MRI in order to make sure that no abnormality of the delayed myocardial enhancement was present. All DCE perfusion frames and the subsequent cine-SSFP studies were sent to a satellite station (Syngo, Fig. 2 Scheme for acquisition of dynamic contrast enhanced perfusion studies. In I (left to the dotted line), the basal (B) slice is acquired immediately next to the electrocardiographic triggering, first to mid (M) and apical (A) slices. In II (right to the dotted line), the basal slice is acquired in last position, and the whole sequence acquisition is separated from the QRS complex by a variable trigger delay. In III (above the dotted line), all slices are preceded by a 90°saturation preparation, followed by an SSFP readout with symmetric echoes (vertical lines and dots). TI is the preparation time measured to the center of the k-space (110 ms), and TRes is the total acquisition time for one slice (178 ms) Fig. 3 Illustration of the myocardial segmentation (left panel), with drawing of endocardial and epicardial limits. The black circle is the region of interest in the center of the LV cavity. The representative LV and myocardial time-signal intensity curves resulting from the same experiment are given in the right panel diagram with the same color-code. All curves share common time-line and baseline, with the black and light grey color curves representing respectively vasodilatation (stress) and resting conditions, while those representing systolic and diastolic-timed acquisitions are respectively in bold and light thickness. Note stress and systolic-timed acquisition curves exhibit more oscillations than the remaining. The systolic-timed acquisition curves in the LV are consistently higher than the diastolictimed acquisition curves (asterisks). There is a slightly higher upslope of the myocardial curve in diastole as compared to systole, especially at stress (rectangular dot)
Siemens Medical, Erlangen, Germany), and processed by an operator with 5-years experience in cardiac imaging. The myocardium was segmented on all slices, by drawing manually epicardial and endocardial contours, with a special attention to avoid any part of both ventricular cavities and omit subendocardial dark rim artefact. Where necessary, the papillary muscles were not included into the segmentation.
Global LV ejection fraction (EF) was automatically extracted from the segmented cine-SSFP images, for each set of experiment.
For each DCE perfusion frames, a TIC was obtained at the centre of the LV cavity (Fig. 3) . From these curves, the first-pass curve was extracted after fitting to a Gammavariate function by the mean of a Levenberg-Marquardt algorithm and exclusion of the recirculation [15, 16] . Then, the following parameters were estimated using MATLAB 7.1 (The MathWorks Inc, Natick, Massachusetts, USA): the peak enhancement (MAX LV ), the Steepest Slope (SS LV ) and the full width at the half maximum (FWHM LV ).
The myocardial TICs were linearly fitted with 5th order polynomial functions and the following indices were then extracted: Steepest slope (SS M ), time to peak (TTP M ), and the maximum enhancement value (MAX M ).
The myocardial perfusion index (MPI) was calculated at each slice position using the following equation: MPI = SS M /SS LV which leads to a normalized myocardial steepest slope and compensates for the variations in cardiac output.
Statistical analysis
Data were processed using SPSS 17.0 for windows. Continuous variables are given as mean ± SD. General linear mixed models (GLMM), which account for repeated measurements within subjects, were used to evaluate the variability of the TIC parameters at (1) stress versus rest, (2) systole versus diastole and (3) according to the slice position. GLMM were also used to investigate gender, HR, mean arterial pressure (MAP), pressure rate product (PRP) and EF as possible confounding factors for inter-or intrasubject differences. A p value \0.05 was considered to indicate a statistical significance.
Results
All 15 subjects completed the examination protocol and had normal delayed-enhancement of the myocardium. Their characteristics and HR, MAP, PRP and EF are given on Table 2 . Basal systolic and diastolic perfusion frames at stress and at rest were available for analysis in all subjects. Twelve subjects had no analysable systolic mid-ventricular frames on both stress and resting conditions and no analysable systolic apical frame at rest. Causes were extensive movements due to respiration or ECG signal loss (n = 3), prominent dark-rim artefacts (n = 3) and ambiguous cardiac phase, due to short RR (n = 6).
Stress versus rest
LV TICs showed significant variations between rest and stress (Table 3) . FWHM LV was higher at rest than at stress, while MAX LV and SS LV were lower (all p values \0.001). From the myocardial curves, TTP M was higher at rest than at stress, while MAX M and SS M were lower (all p values \0.001). MPI was significantly higher at rest than at stress (p \ 0.001). On diastole, these differences were confounded by several variables including: PRP that had an opposite influence to both HR and MAP on the variability of FWHM LV ; MAP and EF that tend to reduce the stress versus rest difference of MAX M and SS M respectively; and lastly, the male gender that tend to reduce the stress versus rest difference of SS M and MPI (all p values \0.05).
Diastole versus systole
At rest, all LV and myocardial TICs parameters except SS M (p = 0.094) showed significant differences between diastole and systole (Table 4) , with TTP M (p \ 0.001) and MAX M (p = 0.026) being higher, and the remaining, lower in diastole as compared to systole (all p values \0.001); no confounding influence was noted. At stress, most parameters showed no significant difference between diastole and systole. MAX LV was lower (p \ 0.001) and SS M higher (p = 0.004) in diastole as compared to systole. The systolo-diastolic differences of MAX LV were increased by HR (p = 0.041), while those of SS M were increased by HR 
Discussion
In this study, we evaluated variations of the myocardial and LV TICs on several conditions in subjects free of cardiovascular disease. It has been established from previous microspheres studies that high maximal enhancement and steepest slope indicate high inflow [17] . Expectedly, we found significantly higher inflow at stress versus rest. Nevertheless, we observed a greater difference between stress and rest values of MAX LV and SS LV in diastole versus systole (32.4 ± 24.8 vs. 47.4 ± 12.8 and 22.6 ± 10.7 vs. 15.9 ± 11.3, respectively). This greater LV inflow at stress on systolic measurements may actually be artificial. Indeed the measured signal includes the effect generated by spins moving with high velocity in a given direction; which is likely to occur with a greater importance when the measurements are performed during systole in the LV [18] . Neglecting this artificial LV inflow increase may lead to significant quantitative assessment errors depending on the phase of the cardiac cycle where imaging actually takes place, including some unexplained or unexpected discordances with other non-invasive measurements [19] . These errors have been estimated to approximately 30-40 % for liver perfusion by Peeters et al. [20] . Although the inflow overestimation may occur at any phase of the cardiac cycle, strategies to reduce its impact on myocardial perfusion measurements are to: (1) use centric k-space ordering [21] , (2) decrease the flip angle to its lowest level, with regard to signal to noise ratio and image contrast [21] , and (3) use only one LV TIC for all myocardial perfusion assessment in a given subject. In this case, the basal TIC should be preferred, since at other locations, the flow is strongly directed towards the LV outflow track. Obviously this causes a systematic misevaluation of the myocardial perfusion values. This misevaluation would be the less important achievable, with regard to the arterial input. Note however that decreasing LV inflow effect from base to apex may theoretically decrease the technique sensitivity for mid-or apical frames' perfusion defects associated with distal CAD or in the setting of collateralized coronary obstruction [22] . Finally, in experimental settings, quantitative evaluation of myocardial perfusion may be corrected for inflow overestimation by performing flow-sensitive calibration methods [8] .
Interestingly, when it comes to the myocardial parameters, a lesser cardiac phase inflow difference was observed, but remained in diastole versus systole both on rest (MAX M ; p = 0.026) and stress (SS M ; p \ 0.001) measurements. Indeed, despite changes in myocardial blood volume between systole and diastole [23] , the artificial inflow signal increase observed in the LV cavity impacts only marginally the myocardial tissue whose capillary flow velocity is lower and multidirectional by essence. The remaining differences between diastolic and systolic myocardial inflow parameters in our study confirm recent research reporting higher myocardial blood flow and flow reserve calculated from data acquired in diastole versus systole [8] [9] [10] , in both normal subjects and those with coronary obstructive disease. These experiments probably represent an upper phenomenon capture, as they were performed using image frames obtained at different cardiac phases on a single mid-ventricular position. Our study is arguably the first in which differences in LV and myocardial TICs measured in systole versus diastole were evidenced using multislice DCE MRI. These differences showed strong relationship with the slice position: LV inflow indices decreased significantly from the apex and mid-ventricle to the base. Indeed, at some locations, the LV flow pattern may be extremely multidirectional and exhibit a lower difference between diastole and systole, in comparison with the LV outflow tract or even the aorta, as reported by Ivancevic et al. [24] .
Heterogeneity of the myocardial inflow indices are well known, but have never been reported before using MRI. Indeed, the main epicardial coronary arteries arrive from the base and enter the myocardium to form a progressive capillary network gradient as they travel through the apex. On the other hand, the mid-part of the LV is the thickest, the most contractile and therefore the most oxygendemanding region [11] . Accordingly, we noticed that the myocardial inflow indices peaked at the mid-ventricular level, as compared to the basal and apical frames, although this figure was statistically significant only for MAX M . The influence of confounders warrants two short comments: First, FWHM LV is proportional to the LV outflow. Its variability was accordingly influenced, more than the other studied parameters, by heart performances such as HR, MAP and PRP. Second, MPI is a good estimation of the tissue perfusion, as it normalizes the myocardial input by the LV inflow, roughly as sophisticated convolution algorithms do, provided the blood flow is constant over time according to the central volume principle [25, 26] . Interestingly, this single indicator of myocardial perfusion showed strong dependence to the gender, just as prior studies reporting differences in myocardial perfusion between males and females as a result of myocardial microcirculation exposure to estrogen [27] .
Several limits may affect the results of this study and its conclusions. They include analysis of four separate DCE perfusion studies, whereas evaluating the impact of physiological variations of myocardial perfusion indices without any temporal bias would have been suitable. Our acquisition protocol was sensitive to R-R interval variations between separate sessions, and LV displacement between different phases of the cardiac cycle. Further, we used a fixed additional time delay to shift acquisition at the end of cardiac cycle. Trigger delays were not prospectively updated every cardiac cycle, causing other potential differences with R-R interval variations between acquisitions. Improved selection of triggering delay according to HR, as used by Slavin et al. [28] could have improved the consistency of our T1 acquisitions within target cardiac phase (systole versus diastole). This may have reduced the number of slices which had to be skipped for statistical analysis due to undetermined cardiac phase. We assumed a constant difference between systolic and diastolic myocardial flow, which is not the case. Therefore, simultaneous and continuous acquisition of DCE perfusion data at several phases of the cardiac cycle may have been an advantage, but were not technically available at the time of the study. Image analysis may represent another limitation, as we did not perform evaluation of the transmural gradients because of the difficulty to completely avoid subendocardial dark-rim artifacts that would have induced strong bias. Similarly, we did not evaluate perfusion quantitatively as the required assumptions would have included other potential reproducibility bias [29] . Lastly, the use of: (1) a linear rather than a centric k-space sampling, which causes greater inflow overestimation [18] , and (2) SSFP readout that is sensitive to myocardial variations of the T1 across the cardiac cycle [30] , account for potential but systematic errors in this study.
In conclusion, on multislice DCE MRI, there are significant variations in LV and myocardial TIC parameters, according to the phase of the cardiac cycle and the sliceposition where imaging actually takes place. These differences, explained by both physiologic and spurious heterogeneities, are potential sources of errors and discrepancies in the assessment of myocardial perfusion using DCE MRI.
Therefore, cardiac phase measurement standardization including the choice of the most robust arterial input function is needed for a better reproducibility and crosscomparisons between studies.
